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IMPACT OF DEFICIT IRRIGATION ON SORGHUM PHYSICAL  
AND CHEMICAL PROPERTIES AND ETHANOL YIELD 
L. Liu,  A. Maier,  N. Klocke,  S. Yan,  D. Rogers,  T. Tesso,  D. Wang 
ABSTRACT. The objective of this research was to study the effect of irrigation levels (five levels from 304.8 to 76.2 mm 
water) on the physical and chemical properties and ethanol fermentation performance of sorghum. Ten sorghum samples 
grown under semi-arid climatic conditions were harvested in 2011 from the Kansas State University Southwest Research-
Extension Center near Garden City, Kansas, and evaluated. Irrigation had a significant effect on the physical properties, 
chemical composition, ethanol yield, and fermentation efficiency of sorghum. Sorghum kernel hardness increased and test 
weight decreased as the irrigation level decreased. Starch contents of sorghum samples grown under a low irrigation level 
were approximately 7% less than those grown under a high irrigation level. Protein contents ranged from 9.84% to 
14.91% and increased as irrigation level decreased. Starch pasting temperature increased significantly, and starch peak 
pasting viscosity and setback viscosity decreased as the irrigation level decreased. Free amino nitrogen (FAN) increased 
significantly as irrigation decreased. Ethanol fermentation efficiency ranged from 90.6% to 91.9% and correlated posi-
tively with FAN during the first 30 h of fermentation (R2 = 0.926). Deficit irrigation level had a negative impact on ethanol 
yield. The sorghum with low irrigation yielded about 8.9% less ethanol (434.52 mL ethanol per kg sorghum) than samples 
with higher irrigation (473.32 mL ethanol per kg sorghum). Residual starch contents in the distillers dried grains with 
solubles was less than 1% and ranged from 0.70% to 0.84%. 
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rrigation plays a major role in food production and 
food security worldwide. Irrigated agriculture produc-
es nearly 40% of the world’s food and agricultural 
commodities on 17% of the available agricultural land 
(Kirda, 2002). Irrigated agriculture is the primary user of 
water resources globally and consumes 70% to 80% of total 
diverted water in the arid and semi-arid zones (Fereres and 
Soriano, 2007). Irrigated agriculture used more than 70% of 
the water withdrawn from Earth’s rivers (FAO, 2003). Crop 
production is highly dependent on water availability, and 
any shortage of water has a significant impact on the final 
yields of crops (Kirda, 2002; Tognetti et al., 2006; Quiroga 
et al., 2011); however, water is a finite resource for which 
competition is increasing among the agricultural, industrial, 
and domestic sectors. 
With reduced water resources available for agriculture, 
scientists and engineers have developed innovative tech-
nologies such as deficit irrigation programs aimed at in-
creasing the efficient use of irrigation water (Kirda, 2002; 
Tognetti et al., 2006; Fereres and Soriano, 2007). Water 
deficits during a specific crop development period signifi-
cantly affect crop yield; therefore, the yield response to 
water stress has been studied extensively. Previous research 
has reported that grain yields decrease as irrigation level 
decreases (Kirda et al., 2005; Fereres and Soriano, 2007; 
Ayana, 2011). Pandey et al. (2000) studied the effects of 
deficit irrigation on maize and found that grain yield reduc-
tion was proportional to the duration of deficit irrigation. 
Because corn is an important irrigated crop, many years 
of field research have been conducted on corn to study the 
relationship between irrigation and yields. Some field 
research on corn has indicated that grain yields do not 
decrease at the same rate as irrigation. Klocke et al. 
(2007) studied the relationship between corn yield and 
irrigation from 1986 to 1998 in west central Nebraska and 
found that 90% of full irrigation grain yields could be 
gained by applying only 47% of full irrigation. Klocke et 
al. (2011) conducted a field study of fully irrigated to def-
icit-irrigated corn grain in 2005 to 2009 in southwest 
Kansas and reported that yield variability increased as 
irrigation decreased, illustrating a greater income risk 
with less irrigation. 
As water resources continue to decline, deficit irrigation 
is becoming an important strategy for minimizing agricul-
tural water use. In addition to crop yield, limited or deficit 
irrigation also may significantly affect grain quality and 
end uses; however, little attention has been paid to effects 
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on grain quality and end-use quality, such as in the area of 
ethanol yield. 
Sorghum is the fifth largest crop produced worldwide, 
and the U.S. is one of its largest producers. Of U.S. sor-
ghum production, 50% comes from Kansas. Sorghum is 
mostly used in livestock feed and fuel ethanol production, 
with only a small portion used in production of food for 
human consumption; because it is safe for people with celi-
ac disease, sorghum has been used to develop gluten-free 
products (Ciacci et al., 2007). The use of sorghum in etha-
nol production has increased in recent years; 30% to 35% 
of the total crop was used for ethanol production in 2011 
(USDA, 2011). Previous studies have shown that the amyl-
ose-to-amylopectin ratio, starch content, protein digestibil-
ity, protein content, free amino nitrogen, formation of am-
ylose-lipid complex, and particle size of ground grain meal 
have significant effects on ethanol yield and fermentation 
efficiency (Wu, 1989; Zhan et al., 2003; Wu et al., 2006, 
2007, 2008; Pérez-Carrillo and Serna-Saldívar, 2007; Yan 
et al., 2009, 2010, 2011). Therefore, sorghum grain quali-
ties are important and greatly affect end-use product quali-
ties. 
Scarce research has been conducted in recent years on 
grain sorghum regarding the effect of irrigation on its grain 
quality and ethanol yield (Wu et al., 2008; Miller and 
Ottman, 2010). The objective of this research was to study 
the effect of irrigation levels (five levels from 304.8 to 
76.2 mm water) on the physical and chemical properties 
and ethanol fermentation performance of sorghum. 
MATERIALS AND METHODS 
MATERIALS 
Ten sorghum samples with five irrigation levels (five 
levels from 304.8 to 76.2 mm water) were harvested from 
the Kansas State University Southwest Research-Extension 
Center near Garden City, Kansas, in 2011. All samples 
were hand-picked to remove large foreign materials. For 
ethanol fermentation, the cleaned samples were ground into 
fine flour by passing through a 0.5 mm screen on a UDY 
Cyclone Mill (UDY Corp., Fort Collins, Colo.). These ten 
samples were evaluated on physical and chemical proper-
ties and ethanol fermentation performance. 
CLIMATE, CROPPING SYSTEM, AND IRRIGATION 
Sorghum was grown in a five-year rotation of corn-corn-
wheat-sorghum-sunflower during 2005 to 2011. The cli-
mate is semi-arid with long-term average annual precipita-
tion of 477 mm, mean summer growing season daytime 
high temperature of 29°C (30-year average, May through 
August), open-pan evaporation (April through September) 
of 1810 mm, and a frost-free period of 170 days. The aver-
age annual precipitation was 246 mm, around half of the 
long-term average. The five irrigation levels (304.8, 228.6, 
177.8, 127.0, and 76.2 mm water) were achieved by in-
creasing the time between irrigation events, which were 
intended to simulate differences in irrigation system capaci-
ty to deliver water using a constant irrigation amount per 
event. The irrigation treatment protocol was designed to 
include operational constraints of commercial center-pivot 
irrigation systems in the Great Plains region, where system-
pumping capacities limit the frequency of irrigation events. 
Irrigation treatments were replicated four times with ran-
dom locations in each replication. Cultural practices, in-
cluding no-till planting techniques, fertilizer applications, 
and weed control, were the same across irrigation treat-
ments and followed the requirements of no-till manage-
ment. 
PHYSICAL PROPERTIES OF SORGHUM KERNELS 
Sorghum single-kernel hardness, weight, and size were 
characterized with the single-kernel characterization system 
(SKCS 4100, Perten Instruments, Huddinge, Sweden) ac-
cording to Bean et al. (2006). Kernel density was deter-
mined with an air-comparison pycnometer (model MVP-1, 
Quantachrome Corp., Syosset, N.Y.), as described by Pom-
eranz et al. (1984). The 1000-kernel weights were obtained 
from the kernel weight of 1000 whole, sound kernels. Sor-
ghum test weight was determined by AACC Approved 
Method 55-10 (AACC, 2000). 
Microstructures of sorghum endosperm were examined 
using a Hitachi S-3500N scanning electron microscope 
(SEM) with an S-6542 absorbed electron detector (Hitach-
inaka, Ibaraki, Japan). Samples were coated with 4 nm of a 
60% gold and 40% palladium mixture in a Denton vacuum 
chamber (Desk II, Moorestown, N.J.) prior to SEM exami-
nation. Images were taken from enlarged floury endosperm 
with 500× magnification. 
CHEMICAL COMPOSITION OF SORGHUM 
Total starch was analyzed using AACC Approved Meth-
od 76-13 (AACC, 2000). Crude protein, fat, and ash were 
analyzed using AOAC Approved Methods 990.03, 920.39, 
and 942.05, respectively (AOAC, 1999), and crude fiber 
was analyzed with the A200 filter bug technique (AOCS, 
2006). Free amino nitrogen (FAN) was determined using 
the European Brewery Convention method (EBC, 1987) 
with modification. Around 150 mg sorghum flour was 
mixed with 1.5 mL of deionized distilled water in a 2.5 mL 
microcentrifuge tube, vortexed five times in 10 min, and 
then centrifuged at 12,000 rpm for 20 min. An aliquot of 
1.0 mL supernatant was diluted with 9.0 mL distilled water, 
and then was ready for FAN analysis. 
THERMAL PROPERTIES 
Thermal properties were analyzed using TA DSC Q200 
V24.4 instrument (TA Instruments, New Castle, Del.). Sor-
ghum flour samples with different irrigation levels were 
weighed accurately (approx. 5 to 8 mg) into stainless steel 
pans using a microbalance. Deionized distilled water was 
added carefully with a micropipette into the sample pan. 
The weight ratio of water to dry flour was 2:1. The pans 
were sealed and allowed to rest overnight at room tempera-
ture. An empty sealed pan was used as a reference. Samples 
were characterized in an inert environment using nitrogen 
with a gas flow rate of 50 mL min-1 and were heated from 
0°C to 140°C at heating rates of 10°C min-1. Enthalpies are 
reported on a dry flour weight basis. Onset temperature 
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(To), peak temperature (Tp), conclusion temperature (Tc), 
and enthalpy of gelatinization (ΔHgel) were calculated. 
PASTING PROPERTIES 
A Brabender Micro Visco-Amylo-Graph-U (MVAG-U, 
model 803222, Brabender GmbH & Co., Duisburg, Ger-
many) was used to test pasting properties of sorghum flour. 
Ten grams of flour (14% moisture content) and 105 g dis-
tilled water were mixed in the testing bowl at room temper-
ature; the slurry was heated from 30°C to 95°C at a heating 
rate of 8.0°C min-1; then the hot paste was held at 95°C for 
5 min, cooled to 30°C at a cooling rate of 8.0°C min-1, and 
held at 30°C for 1 min. The total process took 22 min and 
16 s. The test speed of the stirrer was 300 rpm, and the 
measurement sensitivity range was 250 cmg. 
ETHANOL FERMENTATION 
Whole sorghum flour (30 g, dry mass) was weighed into 
a clean 250 mL Erlenmeyer flask and mixed with 100 mL 
of preheated (around 60°C to 70°C) enzyme solution con-
taining 0.1 g KH2PO4 and 20 μL Liquozyme (alpha-
amylase, Novozymes, Franklinton, N.C.). Samples were 
evenly wetted and thoroughly suspended. Flasks were 
transferred to a 70°C rotary water-bath shaker operating at 
~180 rpm. The temperature of the water bath was raised to 
90°C for about 30 min, and then lowered to 86°C and 
maintained for 60 min. Flasks were removed from the wa-
ter-bath shaker, and material sticking on the inner surface 
of the flasks was pushed back into the mashes with a spatu-
la. The inner surface and spatula were rinsed using 3 to 5 
mL distilled water. After the mashes cooled to room tem-
perature (approx. 25°C to 30°C), the pH of the mashes was 
adjusted to around 4.2 with 2 N HCl. 
Before the simultaneous saccharification and fermenta-
tion (SSF) process, the dry yeast was activated by adding 
1.0 g of active dry yeast (Red Star, Lesaffre Yeast Corp., 
Milwaukee, Wisc.) into 19 mL of preculture broth (contain-
ing 20 g glucose, 5.0 g peptone, 3.0 g yeast extracts, 1.0 g 
KH2PO4, and 0.5 g MgSO4·7H2O per L) and incubated in 
an incubator at 38°C for 30 min at 200 rpm. 
An aliquot of 1.0 mL of activated yeast culture, 100 μL 
of Spirizyme (Glucoamylase, Novozymes, Franklinton, 
N.C.), and 0.30 g of yeast extract were added into each 
flask. Flasks were sealed with an S-airlock filled with min-
eral oil. Fermentation was conducted at 30°C in an incuba-
tor shaker operating at 150 rpm for 72 h. The fermentation 
was monitored by measuring weight loss due to evolution 
of CO2 during fermentation (C6H12O6 → 2C2H6O + 2CO2 ↑) at 4, 8, 18, 24, 32, 44, 56, and 72 h of fermentation. 
After 72 h of fermentation, the finished mash was trans-
ferred to a 500 mL distillation flask. The Erlenmeyer flask 
was washed with 100 mL of distilled water. Two drops of 
antifoam agent were added to the distillation flask before 
the flask was placed on a heating unit to prevent foaming 
during distillation. The distillates were collected into a 100 
mL volumetric flask immersed in ice water. When the dis-
tillates in the volumetric flask approached the 100 mL mark 
(~99 mL), the volumetric flask was removed from the dis-
tillation unit. The distillates in the volumetric flask were 
equilibrated for a few hours in a 25°C water bath. The eth-
anol concentration was determined by HPLC following the 
method described by Wu et al. (2006). Fermentation effi-
ciencies were calculated as the actual ethanol yield divided 
by the theoretical ethanol yield. The theoretical ethanol 
yield was determined using the total starch contents in the 
samples, assuming 0.5672 g ethanol from 1 g of starch 
(Thomas et al., 1996). 
STATISTICAL ANALYSIS 
All experiments were conducted at least in duplicate. 
Results are presented as averages of replications and were 
subjected to one-way analysis of variance (ANOVA). Pear-
son correlation coefficients for the relationships between all 
properties also were calculated using Minitab (ver. 15, 
Minitab, Inc., State College, Pa.). 
RESULTS AND DISCUSSION 
PHYSICAL PROPERTIES AND CHEMICAL COMPOSITION 
Weights of 1000 sorghum kernels ranged from 23.3 to 
26.0 g and correlated with sorghum single-kernel weight 
tested by SKCS (table 1). Sorghum single-kernel diameter 
ranged from 2.05 to 2.18 mm (table 1). No significant dif-
ferences were found for kernel weight and kernel diameter 
among all sorghum samples under different irrigation lev-
els. This result may be due to the drought-tolerant sorghum 
grain; in other words, the irrigation level did not influence 
sorghum kernel weight and size as much as other cereal 
kernels. Previous results on maize kernels from our lab 
showed that kernel weight increased as irrigation level in-
creased. Weightman et al. (2008) studied winter wheat ker-
nels grown in 2002 and 2003 and found that both mean 
kernel weight and diameter were decreased significantly by 
drought in 2002, but not in 2003. Sorghum kernels from 
low irrigation levels had a significantly higher hardness 
index than those from the high irrigation level (table 1). 
Grain grown under drought conditions would have higher 
Table 1. Physical properties, chemical composition, ethanol yield, and fermentation efficiency of sorghum samples.[a] 
Irrigation 
Level 
(1 = High, 
5 = Low) 
1000 
Kernel 
Weight 
(g) 
Kernel 
Hardness 
Index 
Single 
Kernel 
Weight 
(mg) 
Kernel 
Diameter 
(mm) 
Test 
Weight 
(g cm-3) 
Total 
Starch 
(% d.b.) 
Crude 
Protein 
(% d.b.) 
FAN 
(mg L-1) 
Ethanol 
Yield 
(mL ethanol/ 
kg sorghum) 
Fermentation 
Efficiency 
at 72 h 
(%) 
1 24.05 a 71.82 b 23.73 a 2.09 a 0.77 a 72.45 a 10.14 b 41.11 b 473.32 a 90.6 a 
2 23.25 a 78.26 b 23.04 a 2.05 a 0.77 a 70.95 a 11.29 b 42.05 b 466.88 a 90.9 a 
3 24.40 a 86.16 a 24.79 a 2.18 a 0.77 a 70.15 a 12.38 b 45.64 b 460.76 ab 91.2 a 
4 24.05 a 84.77 a 23.58 a 2.11 a 0.74 b 66.90 b 13.85 a 52.65 a 442.36 b 91.4 a 
5 24.00 a 84.59 a 23.72 a 2.16 a 0.74 b 65.45 b 14.86 a 54.75 a 434.52 b 91.4 a 
[a] Means in the same column followed by different letters are significantly different (p ≤ 0.05). In the same column, means followed by “a” are signifi-
cantly higher than means followed by “b,” and means followed by “ab” have no significant differences with means followed by “a” or “b.” 
1544  TRANSACTIONS OF THE ASABE 
kernel hardness (Taylor et al., 1997; Weightman et al., 
2008). In this study, sorghum kernel hardness was signifi-
cantly related to protein content (p < 0.001) and played an 
important role in ethanol yield (p < 0.05). Test weight 
ranged from 0.74 to 0.77 g cm-3 (table 1), which is higher 
than U.S. No. 1 grade sorghum (0.73 g cm-3) (USDA, 
2008). Sorghum samples treated with high irrigation levels 
had a higher test weight than those treated with low irriga-
tion levels, which agrees with the results reported by Griess 
et al. (2010). True density of sorghum samples was not 
affected by irrigation level, which agrees with the research 
on sorghum (Griess et al., 2010). Kernel test weight was 
positively (p < 0.0001) correlated with starch contents but 
negatively (p < 0.001) correlated with protein contents. 
Kaye et al. (2007) reported that kernel test weight was posi-
tively associated with grain yield. Ethanol yield was found 
to be greatly affected by kernel test weight (p < 0.0001), 
which agreed with the effects of irrigation level on ethanol 
yield. 
Starch contents of sorghum samples grown under a low 
irrigation level were approximately 7.0% less than those 
under a high irrigation level (table 1). Griess et al. (2010) 
reported similar results: sorghum starch concentration un-
der irrigated conditions was significantly higher than under 
dryland conditions. Figure 1 shows a strong linear relation-
ship between total starch contents and ethanol yield (R2 = 
0.96, p < 0.0001), which agrees with the previous research 
reported by Wu et al. (2008), Lacerenza et al. (2008), and 
Yan et al. (2011). Starch content was not significantly cor-
related with fermentation efficiency (R2 = 0.28). Protein 
contents ranged from 10.14% to 14.86%; the lowest irriga-
tion level resulted in the highest protein content, and the 
highest irrigation level resulted in the lowest protein con-
tent (table 1). It was expected that the grain protein content 
would be higher in the most drought conditions (Guttieri et 
al., 2000; Weightman et al., 2008). Daniel and Triboï 
(2002) reported that temperature increase as well as 
drought after anthesis induced an increase of the %N from 
1.78% to 2.6% in wheat grain. Protein content was nega-
tively correlated with ethanol yield (p < 0.0001). The rea-
son could be that grain kernels with higher protein content 
had lower accessibility of hydrolyzing enzymes to starch in 
the ground meal during the mashing and fermentation pro-
cesses, and some small starch granules may be imbedded in 
the protein matrix (Wu et al., 2008). Samples with high 
starch content and low protein content are a better choice 
for fuel ethanol production. Higher starch means higher 
ethanol yield, better processing efficiency, and less leftover 
residues after fermentation (Wu et al., 2008). Starch content 
is positively correlated to grain yield (Griess et al., 2010), 
whereas protein content is negatively correlated to grain 
yield (Calderón-Chinchilla et al., 2008). Crude fat, fiber, 
and ash contents were in the ranges of 3.25% to 3.56%, 
1.43% to 1.73%, and 1.38% to 1.72%, respectively. 
The SEM images showed that the starch granule size in 
samples with high irrigation levels were larger and had 
smoother surfaces than those of low irrigation level sam-
ples (fig. 2). The small starch granules were embedded in 
the protein matrix and may have remained ungelatinized 
during the cooking process; thus, they were not degradable 
into glucose for yeast fermentation by hydrolytic enzyme 
(Wang et al., 2008). 
STARCH THERMAL AND PASTING PROPERTIES 
The transition temperatures (To, Tp, and Tc) and en-
thalpies of gelatinization (ΔHgel) of the sorghum samples 
were determined by DSC. The To, Tp, and Tc of the sor-
ghum samples ranged from 71.4°C to 72.1°C, 77.0°C to 
77.4°C, and 91.5°C to 92.5°C, respectively. The DSC re-
sults showed that starch gelatinization onset, peak, and 
conclusion temperatures were similar among samples treat-
ed with high irrigation levels and samples treated with low 
irrigation levels (fig. 3a), so these qualities were not affect-
ed by irrigation levels. High transition temperatures usually 
result from a high degree of crystallinity, which makes the 
starch granules more resistant to gelatinization and requires 
more energy to initiate gelatinization (Barichello et al., 
1990). Lower gelatinization temperature means easier en-
zymatic hydrolysis and higher fermentation efficiency (Wu 
et al., 2008). The Hgel ranged from 7.01 to 9.82 J g-1. The 
ΔHgel reflected the loss of double-helical order (Cooke and 
Gidley, 1992), and the variations in ΔHgel represented dif-
ferences in bonding forces between the double helices that 
form the amylopectin crystallites (McPherson and Jane, 
1999). Previous studies indicate that amylose-lipid com-
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Figure 1. Relationship between starch content of sorghum samples, fermentation efficiency, and ethanol yield. 
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plexes may be formed during heating, and the percentage of 
amylose-lipid complexes was negatively correlated with 
fermentation efficiency (Le Bail et al., 1999; Ottenhof et 
al., 2005; Wu et al., 2007, 2008). In this study, the amylose-
lipid complex peak formed similarly for all samples (fig. 
3a), indicating that the amylose-lipid complex was not af-
fected by irrigation level and did not play an important role 
in fermentation efficiency. 
MVAG-U starch pasting profiles of sorghum samples 
treated with low irrigation levels showed a higher pasting 
temperature, lower peak pasting viscosity, and lower set-
back viscosity than those treated with high irrigation levels 
(fig. 3b). Taylor et al. (1997) reported similar results, noting 
that sorghums grown under supplementary irrigation had 
higher peak pasting viscosity and setback viscosity than 
those produced under rainfed conditions. The beginning of 
pasting temperature is defined by the initial increase in vis-
cosity and is higher than the gelatinization onset tempera-
ture, meaning that the starch particles are gelatinized before 
the viscosity begins to increase (Liang and King, 2003). 
Figure 2. SEM images of starch granules and protein matrix in sorghum endosperm (irrigation level 1 = highest, 5 = lowest). 
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Setback is a process that occurs during cooling in which the 
starch molecules started to reorder and subsequently form a 
gel structure. A lower setback value is indicative of slower 
rates of starch retrogradation (Varavinit et al., 2003). Sor-
ghum kernel hardness was negatively (R = -0.92, p < 
0.001) correlated with peak pasting viscosity, which agrees 
with the findings of Taylor et al. (1997). 
FERMENTATION EFFICIENCY AND ETHANOL YIELD 
Deficit irrigation level had a negative impact on ethanol 
yield. The sorghum with low irrigation yielded about 8.9% 
less ethanol (434.52 mL ethanol per kg sorghum) than sam-
ples with higher irrigation (473.32 mL ethanol per kg sor-
ghum) (table 1). The final fermentation efficiency (after a 
72 h process) of sorghum samples ranged from 90.6% to 
91.9%. Monitoring the changes of conversion efficiency 
through the whole 72 h fermentation process demonstrated 
quite different dynamics in the process of reaching the final 
efficiency (fig. 4a). During the first 36 h of fermentation, 
sorghum samples from low irrigation treatments (low 
starch contents) had higher conversion efficiency than 
samples from high irrigation treatments (high starch con-
tents) (fig. 4a). Samples with lower starch contents would 
have higher conversion efficiency if the same amount of 
yeast were put into the fermentation broth and the inoculat-
ed yeast converted sugar to ethanol at a similar rate. Anoth-
er important factor that may affect the fermentation effi-
ciency could be the FAN content. Initial FAN content was 
determined in this research and was significantly affected 
by irrigation level; FAN increased as the irrigation level 
decreased (table 1). A positive linear relationship (R2 = 
0.92) was found between the initial FAN contents and fer-
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Figure 3. (a) Differential scanning calorimetry curves for sorghum samples from five different irrigation levels (1 = highest, 5 = lowest), and 
(b) starch pasting properties of sorghum samples from five different irrigation levels (1 = highest, 5 = lowest). 
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mentation efficiency at 30 h of fermentation (fig. 4b), 
whereas no linear relationship was found between initial 
FAN contents and fermentation efficiency after 72 h. Initial 
FAN content of samples is a crucial nutrient for yeast cell 
growth at the early stage of the fermentation process. The 
higher FAN contents resulted in a faster fermentation pro-
cess, and this result was similar to several previous studies 
on sorghum samples (Wu et al., 2010; Yan et al., 2009, 
2010, 2011) and wheat samples (Casey et al., 1984). Suffi-
cient yeast nutrients had been put in the tested samples, and 
almost all the sugars were converted into ethanol; therefore, 
the final fermentation efficiency among samples was close. 
CHEMICAL COMPOSITION OF DDGS 
Distillers dried grains with solubles (DDGS) is a by-
product of the ethanol production process and is a high-
nutrient feed for livestock. Protein, fat, and fiber are the 
main remaining nutrients used for livestock feed. The nutri-
tional composition is critical to the ethanol industry be-
cause it determines the sale price of DDGS. Table 2 shows 
the major components of sorghum DDGS. Residual starch 
contents were all below 1% and were similar between high 
irrigation samples and the low irrigation samples. As dis-
cussed above, because sufficient yeast nutrients were added 
in the tested samples and almost all the sugars were con-
verted into ethanol, the final conversion efficiencies were 
 
(a) 
 
(b) 
Figure 4. (a) Relationship between fermentation efficiency and fermentation time among sorghum samples from five different irrigation levels 
(1 = highest, 5 = lowest), and (b) linear correlation between free amino nitrogen content (mg L-1) in original sorghum samples and fermentation 
efficiency after 30 h of fermentation. 
Table 2. Chemical composition of distillers dried grain with solubles 
from sorghum samples (% d.b.).[a] 
Irrigation 
Level 
(1 = High, 
5 = Low) 
Starch 
(% d.b.) 
Protein 
(% d.b.) 
Fat 
(% d.b.) 
Fiber 
(% d.b.) 
Ash 
(% d.b.) 
1 0.70 b 33.04 b 10.20 a 4.24 a 5.40 a 
2 0.74 ab 35.89 ab 10.08 a 4.90 a 5.16 a 
3 0.84 a 37.28 ab 9.52 a 4.14 a 5.08 a 
4 0.81 ab 39.82 a 9.37 a 4.03 a 4.91 a 
5 0.78 ab 39.47 a 8.76 a 3.76 a 4.96 a 
[a] Means in the same column followed by different letters are significant-
ly different (p ≤ 0.05). In the same column, means followed by “a” are 
significantly higher than means followed by “b,” and means followed 
by “ab” have no significant differences with means followed by “a” or 
“b.” 
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not significantly different. DDGS from samples with low 
irrigation levels had higher crude protein content. There 
were no differences in crude fat, fiber, and ash contents 
among all DDGS samples. 
CONCLUSION 
Irrigation had significant effects on grain physical prop-
erties, chemical composition, and ethanol yield. Irrigation 
level did not influence sorghum kernel weight and kernel 
size. Sorghum kernel hardness was significantly correlated 
with protein content and increased as irrigation level de-
creased. Starch contents in sorghum samples with deficit 
irrigation were lower than those with the high irrigation 
level and resulted in the lowest ethanol yield. The FAN 
content increased as irrigation level decreased, greatly af-
fected fermentation efficiency at the early stage, and had a 
positive linear correlation with 30 h fermentation efficien-
cy. The starch granule size was affected by irrigation level, 
and the starch-protein matrix in the grain may affect the 
fermentation efficiency. DDGS from samples with low irri-
gation levels had higher crude protein content. 
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